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ABSTRACT 
 
 
Title: Analysis of a damaged and repaired pre-stressed concrete bridge girder by vehicle impact and 
effectiveness of repair procedure. 
Autor: DOMÍNGUEZ MAYANS, Félix 
Tutor: BAIRÁN GARCÍA, Jesús Miguel 
Keywords: damaged girder, vehicle impact, repair method, load test, numerical model, strain 
This thesis aims to study the structural consequences of the damages produced by vehicle impact 
in a pres-stressed concrete bridge girder and the repair procedure in a real case-study damaged 
after the bridge was opened to service. From the analysis of the situation of the beam and its 
damage state, a study of the repair actions carried out on this beam has been analyzed in order to 
determine the efficiency of the repair and if other alternatives are possible or more efficient. 
A state of the art and current practice review for repairing similar damages is carried out in this 
thesis. This literature review is focused on the repair methods and techniques studied in the 
United States of America, where this thesis was performed. Furthermore, all repair methods are 
classified depending on the type of girder damage (minor, moderate and severe). This damage 
classification aims to avoid inefficient and improper repair actions. The most complex 
techniques are usually used with severe damage. 
After all techniques are studied and classified a repair strategy is proposed. Based on the 
information, concepts and techniques analyzed in the literature review, a repair procedure for a 
pres-stressed concrete bridge girder is proposed. All necessary steps to have a proper repair are 
carried out.  
Then, once repair strategy is proposed, a real case is studied. Following the repair strategy 
proposed, all steps needed to repair a pre-stressed concrete bridge girder damaged by vehicle 
impact are carried out. Doing this way, the suitability of the strategy proposed. A deeper 
understanding of the method used in this case and the process followed in its implementation is 
detailed. 
After the procedure is studied, an analysis of data from load tests performed on the beam before 
and after repair were made is done. With the data obtained from load tests a study of the 
correlation of results are done in order to obtain conclusions after repair. 
Finally, a simulation of the case-study is carried out in order to identify the effects of the damage 
in the bridge deck, structural response and the efficiency of the repair. This simulation is done 
using SAP 2000 structural analysis software. 
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RESUMEN 
 
 
Título: Analysis of a damaged and repaired pre-stressed concrete bridge girder by vehicle impact and 
effectiveness of repair procedure. 
Autor: DOMÍNGUEZ MAYANS, Félix 
Tutor: BAIRÁN GARCÍA, Jesús Miguel 
Palabras clave: viga dañada, impacto de vehículo, método de reparación, ensayo de carga, 
modelo numérico, deformaciones. 
Esta tesina pretende estudiar las consecuencias estructurales de los daños producidos por el 
impacto de vehículos en vigas de hormigón pretensado en puentes y el proceso de reparación en 
el estudio de un caso real. Desde el análisis de la situación de la viga y sus daños, un estudio de 
las acciones de reparación llevadas a cabo en esta viga se ha analizado para determinar la 
eficiencia de la reparación y si otras alternativas son posibles o más eficientes. 
Una revisión del estado del arte y de las prácticas actuales  para  reparar daños similares se lleva 
a cabo en esta tesis. Ésta revisión bibliográfica está enfocada en los métodos de reparación y 
técnicas estudiadas en Estados Unidos de América, donde se realizó esta tesina. Además, todos 
los métodos de reparación están clasificados según el tipo de daño de la viga (menor, moderado 
y severo). Esta clasificación de daños pretende evitar reparaciones ineficientes e incorrectas. Las 
técnicas de reparación más complejas son normalmente usadas para vigas con daño severo. 
Después de que se hayan estudiado y clasificado todas las técnicas, se propone una estrategia de 
reparación. Basándose en la información, conceptos y técnicas analizadas en la revisión 
bibliográfica, un procedimiento de reparación general para vigas de hormigón pretensado de 
puentes es propuesto. Se llevan a cabo todos los procedimientos para tener una correcta 
reparación. 
Luego, una vez la propuesta de reparación es propuesta, un caso real se estudia. Siguiendo el 
procedimiento de reparación propuesto, se explica todos los pasos hechos en la reparación de una 
viga de hormigón pretensado dañada por el impacto de un vehículo. De esta manera se puede 
evaluar la idoneidad de la estrategia de reparación propuesta previamente. Se detalla una 
explicación extensa de todos los pasos realizados en el proceso de reparación y su 
implementación. 
Después de estudiar el proceso, se realiza un análisis de los resultados obtenidos de realizar unos 
ensayos de carga antes y después de la reparación. Con los datos obtenidos se estudian las 
correlaciones existentes para obtener conclusiones después de la reparación. 
Finalmente, se hace una simulación del caso real para identificar los efectos de los daños en el 
puente, la respuesta estructural y la eficiencia de la reparación. Esta simulación se hace usando el 
programa informático SAP2000.  
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1. INTRODUCTION 
 
1.1. INTRODUCTION 
 
The demands on transportation bridge infrastructures have increased significantly in recent years. 
This can be seen in the increase in traffic volume and design loadings. Additional demands 
associated with degradation of bridge infrastructure coupled with the rise in fuel and material 
costs have made structural repair and retrofitting a more attractive solution to fix aging, damaged 
and failing structures. Prestressed concrete girders represent a relatively new portion of the 
bridge inventory – the oldest of these structures is only now approaching 50 years old.  
Therefore repair of prestressed concrete bridge elements has not received as much attention as 
repair of other, older structural forms. As the prestressed concrete bridge inventory ‘comes of 
age’, the repair of this structural form is an area which needs further investigation. Often the 
decision to replace the bridge or the repair method chosen is not appropriate for the level of 
damage present resulting in inefficient and improper repair actions. It is proposed that with more 
education and familiarity with field applications of appropriate repair technology, the more often 
repair actions will be selected over bridge replacement, ultimately conserving resources.  
Presently, it is not uncommon that if a girder cannot be superficially repaired (by either painting 
or patching techniques) it is replaced. Nonetheless, there are numerous repair techniques 
proposed by academic institutions which restore girder strength and save both material and 
economic resources. It is with this latter paradigm in mind that the decision to repair or replace 
damaged prestressed concrete bridge members should be viewed. This thesis focuses on the 
practical application of prestressed concrete bridge girder repair methods analyzing and testing 
the repair procedure for a real case of study. 
  
Analysis of a damaged and repaired pre-stressed concrete bridge girder by vehicle impact and effectiveness of repair procedure 
 
 
 6
1.2. SCOPE AND OBJECTIVE OF THESIS 
 
It is the goal of this project to provide illustration of practical structural repair solutions for 
damaged prestressed concrete bridge girders by vehicle impact, analyzing the state-of-the-art 
techniques for the structural repair of these members. Viability and limitations of each repair 
method are discussed.  
This thesis also aims to study the structural consequences of the damages produced by vehicle 
impact in a prestressed concrete bridge girder. Methods for evaluating the damages will be 
proposed, as well as, the importance of the damages will be studied. 
After discus about the different techniques of repair, it is also the goal of this thesis to propose a 
repair procedure and analyze a real case of study. The repair procedure will be implemented and 
its adequacy assessed during the study of the real case From the analysis of the situation of the 
beam and its damage state, a study of the repair actions carried out on this beam will be analyzed 
in order to determine the efficiency of the repair and if other alternatives are possible or more 
efficient. 
Once the procedure is studied, an analysis of data from load tests performed on the beam before 
and after repair were made will be needed. With the data obtained from load tests a study of the 
correlation of results will be done in order to obtain conclusions after repair. 
Finally, a simulation of the case-study is carried out in order to identify the effects of the damage 
in the bridge deck, structural response and efficiency of the repair. To achieve that goal a 
numerical model will be constructed using the structural analysis software SAP2000. 
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2. LITERATURE REVIEW 
 
This literature review provides the necessary background to illustrate repair, retrofit and 
rehabilitation techniques for prestressed concrete bridge girders. The importance of NCHRP 
Project 12-21 (Shanafelt and Horn 1980) should be noted. This document is considered seminal 
and identifies the state-of-the-art and state-of-practice as of its publication. A significant amount 
of work has been performed using the findings of NCHRP 12-21 as the primary reference – thus 
the results of NCHRP 12-21 are summarized here and considered representative of pre-1980s 
treatment of this subject. The state-of-the-art portion of the present review considers technology 
developed since the completion of the NCHRP 12-21 project in 1985. The following sections 
discuss damage classification and repair techniques based on NCHRP 12-21, traditional 
techniques, external and internal post-tensioned and non post-tensioned CFRP repair systems, 
anchorage systems for CFRP and expected damage guidelines. 
2.1. THE NCHRP 12-21 PROJECT 
 
NCHRP Report 226 (Shanafelt and Horn 1980) focused on providing guidance for the 
assessment, inspection and repair of damaged prestressed concrete bridge girders. Suggestions 
were given for standardized inspection including proper techniques, tools and forms. The authors 
emphasized the need to separate the damage assessment tasks (inspection) from the engineering 
assessment tasks (load rating, etc.). The following sections will develop the damage 
classification and their techniques based on NCHRP 12-21 guidelines: 
Often the decision to replace or the repair method chosen is not appropriate for the level of 
damage present resulting in inefficient and improper repair actions. A damage classification 
system, allowing users to quantify the damage present was proposed. Damage can be classified 
into one of three categories: 
Minor damage is defined as concrete with shallow spalls, nicks and cracks, scrapes and some 
efflorescence, rust or water stains. Damage at this level does not affect member capacity. Repairs 
are for aesthetic or preventative purposes. 
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Moderate damage includes larger cracks and sufficient spalling or loss of concrete to expose 
strands. Moderate damage does not affect member capacity. Repairs are intended to prevent 
further deterioration. 
Severe damage is any damage requiring structural repairs. Typical damage at this level includes 
significant cracking and spalling, corrosion and exposed and broken strands. 
After the classification is done, a deeper research of the repair techniques will be proposed. 
2.1.1. Minor Damage Repair  
 
A step-by-step outline of the procedure for the repair of minor impact damage to prestressed 
concrete girders is shown in Fig. 1. Since minor damage is defined as cracks and nicks, shallow 
spalls and/or scrapes, minor damage does not affect the structural performance of a girder. Minor 
damage is repaired primarily to restore aesthetics and concrete cover. If the durability or 
aesthetics are not important, the girder not needs to be repaired. 
 
 
 
Figure 1. Minor Damage Repair 
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Removal of Loose and Damaged Concrete 
There is general agreement that before attempting to patch a damaged girder, all loose, cracked, 
and delaminated concrete should be removed. Only sound concrete should remain to be bonded 
with the patch material for better bond and performance of the member. It is recommended that 
the surface be roughened so that coarse aggregate in the base concrete is partially exposed to 
enhance the bond between the existing concrete and the patching material. After concrete 
removal the repair surface should be free of dust and foreign materials that can be detrimental to 
the bond. Cavity edges should be sharply defined.  
For minor damage, a chipping hammer can be employed to remove loose and damaged concrete. 
Such damage will be superficial, and it is likely that prestressing tendons will not be encountered 
during the removal process. Extreme care should be taken when using chipping hammers to 
avoid hitting and/or severing the prestressed strands. Hydrodemolition may be a safer alternative 
since it can be controlled to prevent damage to tendons or to sound concrete. 
Patching the Damaged Area 
Patch materials must be able to withstand the same exposure conditions as the base concrete in a 
given member. These factors may include: freeze-thaw cycles, exposure to deicing salt, extreme 
temperatures, rapid temperature changes, and dynamic and static loading. Therefore, the 
properties of the patch material must be closely evaluated with respect to the properties of the 
base concrete in a damaged member; otherwise, debonding, cracking, and premature failure of 
the patch or the surrounding concrete can occur. At times, the repair material may be required to 
have better durability properties than the base concrete in order to resist environmental 
conditions which may have been associated with the cause of damage. 
The properties that must be considered when selecting a patch material include: compressive 
strength, rate of strength gain, shrinkage, permeability, bond strength, generation of heat during 
curing, and thermal properties as well as durability. A cementitious patch material is most likely 
to be recommended for use in the repair of impact-damaged girders since its mechanical 
properties could be made to closely match those of the base concrete. The selected patch material 
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should be suitable for overhead and vertical work as necessary in the repair of impact damaged 
girders.  
Extending the cementitious patch material with coarse aggregate will minimize drying shrinkage 
and dimensional changes during curing, and will help in controlling thermal properties. To 
improve its compressive strength, lower material permeability, and reduce material shrinkage, 
the patch material can be batched with a low water-to-cement ratio. In general, the 
manufacturer’s recommendations for curing should be followed. However, consideration should 
be given to the internal stress at the interface of the base concrete and the patch material with 
respect to shrinkage and early-age temperature variations. Typically, the faster the patch sets, the 
greater the shrinkage after the patch cures, causing higher internal stress at the interface of the 
base concrete and the patch material, and potentially causing the patch to crack or lose bond 
from the base concrete.  
Hand application of the cementitious patching material is often adequate for minor repairs. 
Shotcrete, or pneumatically-placed concrete, has the advantage of speed of repair. No forms or 
form removal is required. Shotcrete is used where traffic under the bridge is heavy. Minor 
damage is typically shallow, and the spalled areas may not be large enough to warrant 
shotcreting. Dry packing has the disadvantage that spalled areas may lack sufficient confinement 
of the space to be drypacked to permit this process to be used effectively. 
2.1.2. Moderate Damage Repair 
 
Figure 2 outlines a step-by-step procedure for the repair of moderate impact damage. Moderate 
damage is characterized in this study as large concrete cracks, and spalls large enough to expose 
undamaged prestressing tendons, as it was said. Although moderate damage is still considered 
non-structural, ensuring long-term durability becomes a significant factor to be considered in the 
repair process since the tendons are more likely to corrode if the girder is not repaired.  
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Figure 2. Moderate Damage Repair 
 
Removal of Loose and Damaged Concrete. 
Loose and damaged concrete should be removed, the same way it should be done for minor 
damage. However, in areas of exposed reinforcing bars or tendons, it is recommended that 
concrete be removed to a depth of ¾ in. (20 mm) beyond the back face of any exposed steel. 
Remove all feather edges by shallow saw cutting perpendicular to surface. Since prestressing 
strands will be encountered during the concrete removal process, care should be taken to avoid 
damaging the strands. Hydrodemolition may be considered. 
Cleaning Exposed Tendons and Stirrups. 
A moderately damaged girder will have exposed prestressing tendons, and will likely have 
exposed stirrups as well. The exposed steel is likely to have been exposed to the environment 
since the time of the damage.  
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Loose corrosion products on the prestressing tendons and stirrups should be removed. Damage to 
girders which results in exposed steel should be made as quickly as possible, particularly if the 
damaged structure is located in an environmentally harsh area.  
In addition, concrete should be removed to a depth of ¾ in. (20 mm) on all sides of the bars. 
Removal of concrete around the bar or tendon allows the repair material to surround the bar, 
providing a more desirable and better anchorage of the patch material to the base concrete.  
Stirrups and prestressing strands should be cleaned with high pressure water and power wire 
brushes. Power wire brushes, however, are not efficient for cleaning the back side of exposed 
steel. If the concrete surface preparation is done by hydrodemolition, the exposed reinforcing 
bars and prestressing tendons will be cleaned as the concrete is removed. Needle scalers or 
needle guns should not be used on strands because they may nick and break wires. Likewise, 
sand or abrasive blasting should not be used. 
Preloading the Structure. 
The loss of concrete, associated with impact damage, may cause the girder to camber upward. 
Applying dead load to the damaged girder prior to repair referred to as preloading the structure 
may help the concrete patch remain in compression under dead loads and provides some 
allowance for shrinkage of patch material. 
Epoxy Injection and Sealing of Cracks. 
Cracks in damaged girders will reduce long-term durability by allowing contaminants such as 
seawater and deicing chemicals to enter the damaged member. As a result of these cracks, the 
corrosion protection of the stirrups and prestressing tendons provided by the concrete is therefore 
reduced. It has been recommended that cracks wider than 0,008 in (0,2 mm) should be epoxy-
injected to restore girder durability, while finer cracks should be sprayed or brushed with saline 
seal to prevent the entry of moisture and deicing salts. 
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Patching the Damaged Area. 
Spalls should be patched as described for minor damage once surface preparation has been 
executed, noting, however, that moderately sized spalls may have to be formed to restore the 
original girder dimensions. 
Aesthetic Treatment/Painting/Coloring of the Girder Surface. 
If aesthetics of the repaired girder are important, and the patched area is of a different color than 
the existing concrete, the girder may be painted to obtain a uniform girder color or neat cement 
grout (cement and water) may be rubbed on the surface of patch materials to adjust the color. 
2.1.3. Severe Damage Repair 
 
In NCHRP Report 226, eleven different repair methods were developed for the severe damage 
condition and are discussed in detail. Each repair technique was evaluated to provide an 
overview of the processes and advantages and limitations of the method. Guidelines were 
proposed based on service load capacity, ultimate load capacity, overload capacity, fatigue life, 
durability, cost, user inconvenience and speed of repairs, aesthetics and range of applicability. 
Evaluation of the repair techniques based on these parameters was conducted using a value-
engineering process.  
 Repair methods considered in Report 226 were external post-tensioning, metal sleeve splicing 
(to avoid confusion, this method will be referred to as ‘steel jacketing’ in the present work), 
strand splicing, a combination of these methods, and replacement. 
External post-tensioning is affected using steel rods, strands or bars anchored by corbels or 
bolsters which are cast or mounted onto the girder. The steel rods, strands or bars are then 
tensioned by jacking against the bolster or preload.  
Design of external post-tensioned repair systems is relatively straight forward using a simple 
plane sections analysis (recognizing that the post-tensioning bar is unbonded). The 
attachment/interface of the bolsters, however, requires significant attention. These elements are 
‘disturbed regions’ subject to large concentrated compression forces. Additionally, sufficient 
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shear capacity along the interface between the bolster and existing beam must be provided to 
transfer the post-tensioning force. Effective shear transfer often requires the bolsters themselves 
to be post-tensioned to the girder to affect adequate ‘friction’ forces along the interface. Finally, 
the design of the bolsters and interface must consider the moments induced by the eccentric post-
tensioning forces. 
Steel jacketing is the use of steel plates to encase the girder to restore girder strength. With this 
repair technique, post-tensioning force can only be introduced by preloading. Generally, this 
method of repair will also require shear heads, studs or through bars to affect shear transfer 
between the steel jacket and substrate beam. Steel jacketing is felt to be a very cumbersome 
technique. In most applications, field welds will be necessary to ‘close’ the jacket (since the 
jacket cannot be ‘slipped over’ end of beam in most applications). Additionally, the jacket will 
need to be grouted in order to make up for dimensional discrepancies along the beam length. 
Neither of these details is addressed in Report 226. 
Strand splices are designed to reconnect severed strands. Methods of reintroducing prestress 
force into the spliced strand are preloading, strand heating and torquing the splice; the latter is 
most common, essentially making the splice a turnbuckle of sorts. Strand heating is a method 
whereby the strand is heated, the strand splice is secured to the strand and as the strand is 
allowed to cool, it shrinks, thus introducing tension back into the strand. Strand heating of 
conventional high-strength prestressing strand is not believed to be a terribly rational method of 
affecting any reasonable prestrain: either a) a long length of strand must be heated; or b) a short 
length of strand must be heated to a high temperature. The former is impractical in a bridge 
girder and the latter will affect the material properties of the strand. Strand heating is not 
recommended. 
Repair techniques may be combined. Combination of repair techniques will allow the user to 
employ the advantages of each repair. The post-tensioning addresses girder serviceability while 
the steel jacket reinforces the girder’s ultimate capacity. Most repairs proposed in Report 226 
make use of preloading during girder repair. Preload is the temporary application of a vertical 
load to the girder during the repair. The preload is provided by either vertical jacking or a loaded 
vehicle. If the damage has caused a loss of concrete without severing strands, preloading during 
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concrete restoration can restore the strength of the girder without adding prestress. Because 
preloading may be used to restore partial or full prestress to the repaired area, it effectively 
reduces tension in the repaired area during live load applications. It is for this reason that 
preloading is suggested for most repairs, particularly those including patching. Care should be 
taken when preloading a structure so as to not overload the structure or cause damage from 
excessive localized stresses from the preloading force. 
The second phase of the NCHRP 12-21 project and the focus of NCHRP Report 280 (Shanafelt 
and Horn 1985) was to provide a practical user’s manual for the evaluation and repair of 
damaged prestressed concrete bridge members. Significantly, some of the repair methods 
presented in the earlier Report 226 were load tested and suggestions for their implementation are 
given. It is important to note that the girders were never loaded to their ultimate capacity. All 
tests were conducted on a single girder with artificial damage and one of the repair techniques 
for each test. Therefore, in order to test all repair methods, the girder was not loaded to failure. 
Ten different load tests were conducted on a single I-girder to measure the behavior of each 
repair: 
1. Load girder up to 75% of the calculated ultimate load capacity; 
2. Add concrete corbels and post-tension high-strength bars and load; 
3. Disconnect high-strength bars and load (same as load test 1 but girder is now cracked); 
4. Break out specified concrete to sever 4 strands (25% of the total 16 strands) and load; 
5. Splice 4 strands with single strand splice and patch and load; 
6. Reconnect post-tension high-strength bars (same test as test 5 but with external PT); 
7. Disconnect bars, break out concrete and sever the four strands spliced in test 5 and load; 
8. Patch the girder and tension the external bars; 
9. Disconnect bars, break out patch, sever 2 more strands for a total of 6 and splice them with a 
steel jacket and load; and 
10. Load the steel jacketed girder to 100% of the calculated ultimate moment capacity. 
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While the tests of each repair technique generally demonstrated a sound response, the fact that a) 
there was no control specimen with which to compare results; and b) the repairs were sequential 
and thus the degree of damage was necessarily incremented between tests affected the ability to 
draw conclusions from this test program. Although a significant amount of test data is provided, 
few conclusions are or can be drawn. 
2.2. TRADITIONAL REPAIR TECHNIQUES 
 
The techniques described in NCHRP 12-21 have provided many repair methods which restore 
strength and serviceability to prestressed concrete girders. This section provides a review of 
literature available since the publication of the NCHRP 12-21 reports and basically focuses on 
severe damage repair techniques. The techniques discussed below are strand splicing and 
external steel posttensioning; these are considered to be traditional repair methods. 
2.2.1. Strand Splicing 
 
In repairing a few damaged strands, strand splicing provides an efficient, quick and simple 
solution. Strand splices reconnect broken strands and allow the strand to be re-tensioned. 
However, interactions between spliced strands and girder behavior where multiple strand splices 
are used should be explored. Strand splice tensioning based on the torque wrench method (i.e.: 
applying a specified torque to a strand splice coupler) was found to be unsatisfactory due to a 
variation in friction stresses along the splice and thus a variation of stress induced into the strand 
(Labia 1996). The ‘turn of the nut’ method which uses the displacement between strand chucks 
or splice ends and material properties to calculate stress was found to be more easily 
accomplished and reliable (Labia 1996 and Olson 1992). This method is analogous to the method 
of assuring appropriate prestress in a strand as it is jacked: by elongation of the strand. Testing 
has shown that strand splices can restore original girder strength. 
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2.2.2. Post Tensioning 
 
Post tensioning can be used to help restore prestress as well as girder strength. This allows the 
design to be customized to restore strength and serviceability, as desired.  
The same concept can be used with CFRP instead of steel as the post tensioning material. El-
Hacha and Elbadry (2006) examined the use of post tensioned 7-wire CFRP cables (CFCC) for 
strengthening of concrete beams. The experiment showed comparable results to steel 
posttensioned repairs. The post-tensioning force created a stiffer beam and thus a stiffer 
loaddeflection response. 
2.3. EXTERNAL NON PT CFRP RETROFIT 
 
Carbon fiber reinforced polymer (CFRP) strips bonded to prestressed concrete girders can 
increase flexural capacity of the girder. The use of externally mounted CFRP strips to restore 
flexural capacity of damaged girders is well documented (Green, Boyd, Mammert and Ansley 
2004; Reed and Peterman 2005; Tumialan, Huang, Nanni and Jones 2001). In most cases, repairs 
performed as expected and designed. Aidoo (2004) investigated the behaviors of four different 
CFRP systems: two wet lay-up procedures from different manufacturers, a fabric pre-
impregnated with resin (prepreg), and a spray layed-up application. For the various repairs, the 
experimentally observed and theoretical capacities achieved were in the range of 91-108% and 
96-114%, respectively, of the unrepaired, undamaged control girder. Beam deflections, however, 
were found to be reduced in he range of 20 to 23%. Often, to reduce the chance of early 
debonding, transverse U-wrapped CFRP strips were used to help ‘hold’ the CFRP and 
underlying concrete patch in place (Reed and Peterman 2005) Additional confinement of the 
concrete patch is helpful to mitigate the possibility of a ‘pop out’ failure of the patch where the 
newly placed patch material breaks away from the girder.  
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2.4. EXTERNAL PT CFRP RETROFIT 
 
A parallel can be drawn between prestressed and non prestressed CFRP retrofits and prestressed 
and conventionally reinforced concrete beams. Prestressing the steel precompresses the concrete 
in the tension zone of the girder. As the beam is loaded, it must first ‘undo’ the compressive 
stress induced by the strands resulting in a more durable (fully-prestressed members do not crack 
under service loads) and stiffer concrete member. Prestressing is the optimized use of both 
materials since concrete is best in compression and steel performs well in tension. The benefits 
of stressing CFRP strips prior to application are similar to that of using a prestressed strand in a 
concrete beam. The four main advantages of using a stressed CFRP repair are (Nordin and 
Taljsten 2006): a) better utilization of the strengthening material; b) smaller and better 
distributed cracks in concrete; c) unloading (stress relief) of the steel reinforcement; and d) 
higher steel yielding loads. Conventionally used CFRP materials have about 1,5 times the tensile 
stress capacity of 270 ksi steel prestressing strand and a Young’s modulus about 75% of that of 
steel, meaning they can reach a higher strain. Stressing the CFRP for the repair reintroduces 
prestressing force back into the beam allowing for redistribution and a decrease of stresses in the 
strands and concrete. Thus when reloaded, the stress levels in the existing (remaining) strands 
will be reduced as compared to the unrepaired beam. In other words, prestressed CFRP systems 
create an active load-carrying mechanism which ensures that part of the dead load is carried by 
the CFRP sheets whereas non prestressed CFRP strips can only support loads applied after 
installation of the CFRP on the structure (Wight2011). Loading that follows prestressed CFRP 
placement will result in greater CFRP strains meaning that: a) the material is used in the most 
efficient manner; and b) the CFRP strip is engaged, resulting in an increase in flexural capacity. 
There are three approaches to prestressing or post-tensioning (the terms are used inconsistently 
in the literature) CFRP. The following terminology is adopted to clarify the types of prestressed 
CFRP systems (PCFRP): 
Prestressed CFRP: The CFRP is drawn into tension using external reaction hardware and is 
applied to the concrete substrate while under stress. The stress in maintained using the external 
reaction until the bonding adhesive is cured. The reacting stress is released and the ‘prestress’ is 
transferred to the substrate concrete. This method of prestressing is potentially susceptible to 
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large losses at stress transfer and long term losses due to creep of the adhesive system. 
Additionally, details (such as FRP U-wraps) must be provided to mitigate debonding at the 
termination of the CFRP strips. Prestressed CFRP systems are analogous to prestressed concrete 
systems where the stress is transferred by bond to the structural member. 
Unbonded post-tensioned CFRP: The CFRP is drawn into tension using the member being 
repaired to provide the reaction. The stress is transferred to the member by mechanical 
anchorage. Typically a hydraulic or mechanical stressing system will be used to apply the 
tension after which it will be ‘locked off’ at the stressing anchorage. This method of post 
tensioning is susceptible to losses during the ‘locking off’ procedure. Depending on the 
anchorage method, long term losses due to creep in the anchorage is a consideration. Such 
systems must be designed with sufficient clearance between the CFRP and substrate concrete to 
mitigate the potential for fretting. Unbonded post-tensioned systems are analogous to 
conventional unbonded post tensioning systems. 
Bonded post-tensioned CFRP: The CFRP is stressed and anchored in the same fashion as 
unbonded systems. Following anchorage, the CFRP is bonded to the concrete substrate resulting 
in a composite system with respect to loads applied following CFRP anchorage. Since the 
adhesive system is not under stress due to the post-tension force, adhesive creep is not as 
significant a consideration with this system. The bonding of the CFRP may also help to mitigate 
creep losses associated with the anchorage. Bonded post-tensioned systems are analogous to 
conventional bonded post tensioning systems. 
Another advantage of using PCFRP systems is the restoration of service level displacements or 
performance of the structure. PCFRP systems have a confining effect on concrete (and, 
significantly, any patch material) because they place the concrete into compression. Therefore, a 
delay in the onset of cracking and a reduction of crack widths (only in bonded systems) has been 
found when this technique is used. 
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2.4.1. CFRP Anchorage 
 
In prestressed CFRP applications, the prestressing force in the CFRP strip must transfer into the 
girder through the bonding agent (adhesive). Due to the high strains at the bond interface, strip 
debonding is a major concern. It is essential that the entire force be transferred into the beam via 
the adhesive layer or the repair will not behave as designed and fail prematurely. Additionally, 
most suitable high performance epoxy adhesives exhibit significant creep and are therefore 
unsuitable for maintaining a large prestress force without additional anchorage. If mechanical 
anchors are left in place, the system is a post-tensioned CFRP system (which can be bonded or 
unbonded). Permanent anchors can be used to resist the prestressing force and reduce the chance 
of early debonding and peeling failures (Wight 2001). The anchors at the ends of the CFRP strips 
reduce the shear deformation that occurs within the adhesive layer associated with the prestress 
force minimizing the possibility of premature failure. It is noted that the ability of a system to 
transfer shear, regardless of anchorage or adhesive used, is limited by the shear capacity of the 
concrete substrate. ACI 440 (2008) recommends that the shear stress transferred is limited to 200 
psi in any event. 
2.5. NSM CFRP REPAIRS 
 
Near-surface mounted (NSM) CFRP repairs provide an alternative to externally bonded CFRP 
strip repairs. The NSM technique places the CFRP in the cover concrete of the member. This 
protects (Nordin 2002) the laminate from impact forces and environmental exposure. Similar to 
external CFRP repairs, an NSM repair can be prestressed if serviceability is a concern or non 
prestressed if ultimate capacity is the only design consideration. It is noted, however, that 
prestressing NSM applications is very difficult and has only been demonstrated in laboratory 
applications using a stressing procedure that is not practical for use in the field (Nordin and 
Talsten 2006). An NSM CFRP repair is completely enclosed in epoxy, making it possible to 
achieve higher bond strength as compared to external strip bonding due to the larger surface area 
which is bonded. Additionally, an NSM application engages more cover concrete and is able to 
transfer greater stresses into the concrete substrate. Therefore, NSM repairs will typically use 
less CFRP material than an externally bonded strip repair. However, NSM repairs are sensitive to 
the amount of concrete cover and are not a viable option when cover is not sufficient. Laboratory 
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studies have shown that both prestressed and non prestressed NSM repairs have been successful 
in restoring ultimate girder capacity. 
2.6. EXPECTED DAMAGE 
 
In designing repair measures, it is of the utmost importance for the designer to thoroughly 
understand the condition of the member prior to repair. Incorrect assumptions regarding the 
structure’s condition result in a poor or improper repair design. It is important to also consider 
the nature or cause of the damage in order to understand the damage and address the source of 
the damage in addition to facilitating the repair. For example, based on findings of the 
investigation of the Lake View Drive Bridge collapse (Aido, Harries and Petrou 2006) a 
recommendation was proposed that when considering observable corrosion damage to strands, 
that the contribution of between 50% and 100% of adjacent (unobservable) strands be neglected 
in rating the damaged structure. Based on these recommendations, PennDOT adopted the ‘150% 
rule’ for assessing the area of lost prestressing strand: [paraphrasing] when assessing corrosion 
damage to a prestressed concrete girder, the area of prestressing strand assumed to be 
ineffective due to corrosion shall be taken as 150% of that determined by visual inspection.  
Similarly, the strength capacity of a girder suffering impact damaged may change significantly. 
For example, a prestressed concrete structure is impacted by a truck and only one strand is 
visible and severed. Small strand spacing results in little concrete between strands. In this case, 
there may be insufficient concrete surrounding the adjacent strand(s) to allow the prestressing 
force of these strands to be transferred into the structure. As a result, a portion or all of the 
prestressing force near the impact may be ineffective. It may be prudent to disregard a portion or 
all of the contribution from surrounding strands in repair design. 
Damaged strands in larger spans or long girders may be ‘redeveloped’ if there is sufficient 
undamaged length remaining. There has been no study on the ‘redevelopment’ of severed or 
corroded strands; therefore, for repair design, it is conservative to neglect the strand in the 
analysis of the structure (Harries 2006).  
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3. REPAIR STRATEGY PROPOSAL FOR BRIDGE GIRDERS 
DAMAGE BY VEHICLE IMPACT 
 
In this chapter a repair procedure for prestressed concrete girder damage by vehicle impact will 
be proposed. The aim of this section is to give the steps that are needed to repair a prestressed 
beam with this type of damage. All information bellow is given after studying the review. All 
procedures and techniques have been analyzed previously, so are not explained in detail in this 
chapter.  
The first step proposed is to obtain all information of the damaged beam. Material and geometric 
properties, reinforcement and prestressed steel strands of the beam are needed, as well as, the 
location of the beam in the bridge or the age of that beam. 
Secondly, since the study is focused on girder damaged by vehicle impact, it is necessary to 
study and descript the impact in the beam. Therefore, it will be helpful if the type of vehicle is 
known and, if it is possible, its speed when it crashed. It is necessary to know how the impact 
was in order to understand the damages in the girder. 
Thirdly, an inspection needs to be done. Visual assess and non-destructive tests are commonly 
used to obtain proper information of the girder condition. It is necessary to have a good 
approximation of the stress levels suffered in the girder after the impact. It can be possible that 
beam areas that are designed for compression stresses might suffer tensile stresses for some 
reason because of the load impact. After the data is obtained by the inspection we are able to 
locate understand the damage in the beam (analyze cracks, stresses in cross section and study the 
prestressed strands condition). Furthermore, a dynamic analysis (i.e. using software simulator) is 
recommended. If beam has massive damage, the section is completely broken, it will be 
replaced. 
Next step on the proposed procedure, after the evaluation and inspection of damage is done, is to 
classify level of damage. As it was explained in the review chapter, the damage can be classified 
as minor, moderate and severe damage. This last step is a basic step to start working on the 
repair. Once we decide the type of damage we are able to have a proper approximation of the 
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dimension, importance, cost and timing of the repair process. After that, the real repair process 
starts. Below this point all steps that are needed depending on the damage type are explained. 
This summary is done based on the information studied on the literature review and different 
references. 
Minor Damage 
By definition, minor damage does not affect the structural performance of the girder. Primarily, 
it is repaired restoring aesthetics and concrete cover. Following the step-by-step procedure 
shown in Fig. 1, if durability or aesthetics are important the girder not needs to be repaired. First 
step is to remove loose and damaged portions of concrete. Then the damaged area needs to be 
patched by materials that have to withstand the same exposure conditions as the base concrete. 
Finally, if it is desired, the last step is to address aesthetics treatment of patched area. 
Moderate Damage 
Moderate damage includes, by definition, larger cracks and sufficient spalling or loss of concrete 
to expose strands. This type of damage does not affect member capacity, but repair is intended to 
prevent further deterioration. On Fig. 2 are shown the step-by-step procedure for the repair.  
To summer, the first step if exits a potential tendon corrosion is to clean them. After that, as it is 
explained for minor damage, it is necessary to remove damaged and loose portions of concrete. 
But for this category of damage, besides patch the damaged area, cracks need to be sealed by 
epoxy injection. For a further explanation of these steps see section 2.1.2. 
Severe Damage 
By definition severe damage is any damage requiring structural repairs. Usually, this damage 
includes cracking and spalling, corrosion and exposed and broken strands. Cleary, severe 
damage needs repair techniques that go further than patching damage area and sealing cracks. 
Using again the information given by the literature review, different methods can be used to 
restore the girder capacity. Always depending on the type of damage, a technique has to be 
chosen: a traditional technique (strand splicing or post tensioning), any repair method of Report 
226 of NCHRP studied in chapter 2, or any technique regarding CFRP technique can be used. It 
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is difficult to decide the best method without an evaluation of the characteristics of each 
damaged beam. All information about these techniques is on the Chapter 2 of this project and 
further information can be obtained by the references. 
As it is said, severe damage could mean that some tendons are missing, as well as, an important 
area of cross-section. With the techniques proposed this damage can be repaired, but sometimes 
the best option, usually based on economy costs, is to replace the beam. 
Finally, the last step of the repair procedure proposed is to perform a load test. This load test is 
optional, but is recommended in order to assess the stress and strain in the beam before and after 
the repair process. 
To sum up, a short scheme of the repair strategy proposed will be now presented: 
1) Obtain all material and geometric properties of the damaged beam 
2) Description of the impact in the beam, and obtain information about the vehicle 
characteristics. 
3) Inspection, analysis and evaluation of the damages in the beam. 
4) Classify the level of girder damage: 
a. Minor damage 
b. Moderate damage 
c. Severe damage 
5) Repair damages depending on classification of damage. If the damage is massive, or 
greater than specified for severe damage, beam needs to be replaced. 
6) Perform monitoring test to assess the stress and strain in the beam after the repair process. 
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4. CASE OF STUDY 
 
In this chapter a real case will be studied. The repair process of a prestressed concrete girder 
damaged by a vehicle impact will be evaluated following the procedure proposed in Chapter 3. 
This study will assess the adequacy of the repair strategy proposed. 
4.1. Location of the beam 
 
The LBJ Express is a huge construction project in the city of Dallas, Texas. The objective of this 
project is to build, changing the existing one, the new IH-635 at the north of this Texan city. For 
this project a big number of bridges have been built. The real case of study of this thesis is a 
prestressed concrete girder of one of these bridges. 
 
 
 
Figure 3. Location of damaged girder 
 
The prestressed concrete girder of our study is a beam which is positioned at the further west of 
the second span of the bridge. So, it is the last beam the vehicles that goes westbound of IH-635 
observe (Fig. 3).  
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Figure 4. Location of damaged girder 
 
The damaged girder is a Tx46 prestressed concrete girder. It is a standard girder of the Texas 
Department of Transportation (TxDOT). In the figure below, a section of the Tx46 girder can be 
seen. For further information about beam dimension and properties see Appenidx I. 
 
 
 
Figure 5. Section Tx46 Girder  
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4.2. Description of the impact 
 
A big truck that was driving without respecting the height limits impacted the girder. Early 
inspection and analysis showed that the impact was oblique, with an approximate angle of 45º 
with the highway. Therefore, the force can be discomposed as a horizontal force (traffic 
direction) and vertical force (because of decreasing height). 
 
 
Figure 6. Description of Impact 
 
4.3. Description of damage 
 
First, with an early inspection, we can say that the point of impact was centered over the second 
lane (lane 2) of highway, at approximately the fourth point of the span of 86 ft (26 m), 22 ft (6,7 
m) from close pier, as shown in Fig. 7. Severe spaling of the bottom flange of the girder occurred 
over a length of approximately 14 ft (4,2 m), Fig. 8.  
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Figure 7. Damage by overheight vehicle 
 
 
 
Figure 8. Damage status of girder bottom flange 
Once we know the location of the beam, we have a possible explanation of how was the impact 
and we now where the damaged area of the girder is, we are ready to focus the study on the 
details of the damage. In order to locate and evaluate the cracks, and analyze the situation of the 
strands a visual inspection and an acoustical sound testing will be performed.  
The visual inspection will be substitute at this point for analyzing the following pictures of the 
damaged girder. Furthermore, using the acoustical sound testing the entire extents of the concrete 
delamination and deterioration can be determined. 
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Figure 9. Damage status of Girder; view from inside of the bridge 
 
 
 
 
Figure 10. Loose of concrete in bottom flange; view from inside of the bridge 
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Figure 11. Damage status of Girder; view from inside of the bridge 
 
After observe these pictures (Fig. 9, 10 and 11), it can be said that the damage girder has spalling 
concrete, cracking in the webs, loss of concrete in bottom flange of girder at the impact location 
and several prestressed strands of the bottom flange are exposed. 
As it is said, the severe spalling and loss of concrete of the bottom flange of the girder occurred 
over a length of approximately 14 ft (4,2 m).  The loss of concrete appears in the area where the 
impact occurred. The concrete breaks due to a compression failure during the impact load.  This 
part of the girder flange suffered all the compression stress due truck impact. 
Following with the damage description we can say that ½ in (12 mm) diameter prestressing 
strands in the bottom row are exposed but no wires are severed. It is very important to realize 
that strands are not damage; therefore structural repairs are not required. 
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Figure 12. Longitudinal crack between web and bottom flange;  
 
 
 
Figure 13. Longitudinal crack between web and bottom flange;  
 
Another necessary step in the inspection is to locate and analyze cracks. Watching the pictures 
we can see hairlines (less than 0,004 in (0,1 mm) wide) to narrow (0,004 to 0,01 in (0,3 mm) 
wide) cracks, approximately 36 ft (11 m) long, developed at the interface of the girder web and 
(bottom and top) flange (Fig. 12 and 13). 
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Figure 14. Cracks Location 
 
These cracks (at the interface of the girder and the flanges) are formed due to the local flexure 
occurred between web and flanges during the impact. Seeing Fig. 15 can be seen how these local 
flexures occur due to the direction of the impact load. Therefore, tensile and compression cracks 
were created by the impact. On Fig. 16 a summary of the damages can be seen depending on its 
location on the cross section. 
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Figure 15. Girder local flexure 
 
 
 
 
Figure 16. Cross Section damages 
 
After assess the girder damage and following the procedure proposed in Chapter 3, a damage 
classification is needed. In this case the damage is classified as moderate: larger cracks and 
sufficient spalling or loss of concrete to expose strands, but no severed wires. A repair is 
necessary to prevent further deterioration and because a new impact could mean the girder 
failure.  
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4.4. REPAIR PROCESS 
 
Following the steps proposed in Chapter 3, the inspection and the evaluation of damage are done 
and the damage is classified as moderate, repair process starts. The next points show the work 
done for the repair of this Tx46 girder. The products used for the repair are shown below with 
the exact commercial name and type of product. In Appendix II of this project all these products 
are descripted for further information. 
Following the work methodology for moderate damage proposed in Chapter 3, the process 
shown below has three steps: concrete repair procedure (remove damaged and loose portions of 
concrete and patch the damaged area), epoxy injection and steel bracing installation. This last 
part of the repair process was not in the proposed process, but it can be added for additional 
protection. 
4.4.1. Concrete repair procedure (bottom of the girder) 
 
1) As it was said before, using acoustical sound testing, determine the entire extents of the 
concrete delamination and deterioration. Mark all edges of repair noting edge distances and 
anticipated locations of strand. After determining the extents of the repairs, saw cut the perimeter 
of the repair to a minimum depth of ¾” (1,91 cm). 
2) Chip concrete within the saw cut lines. Detail chip around prestressing strands, and ends of the 
concrete repair. Chipped concrete have a minimum depth of 1 ½” (3,81 cm). Where there is steel 
strand with greater than 25% of its cross section exposed, the concrete is chipped back to allow 
for proper consolidation and bonding of concrete repair material. 
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Figure 17. Concrete Repair 
 
3) After removal of all delaminated concrete, layout holes for TAPCON (Apendix II) concrete 
screw anchors. Holes should be spaced throughout the repair using a 6” x 6”  (15,24 x 15,24 cm) 
grid spacing. Drill holes so that there is a total embedment of 1” (2,54 cm) [hole depth should be 
1 ¼” (3,18 cm)]. The hole diameter should be 3/16” (4,63 cm). 
4) Once all holes are drilled, clean strand of rusty surfaces using a wire brush or wire-grinding 
wheel. 
 
 
 
Figure 18. Drilling holes for TAPCON  
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5) Install TAPCON concrete screw anchors. The length of the TAPCON will be 3 in (7,62 cm). 
6) Using a pressure washer, power wash the entire face of the concrete repair using a pressure of 
at least 4.000 psi (27.579 MPa). Make sure to remove all dust, debris, and other miscellaneous 
items from the extents of the repair. 
7) After power washing, apply EMACO P24 (Appendix II) to all concrete and strand surfaces 
inside the extents of the concrete repair. Be sure to pour concrete with in six hours of applying 
EMACO P24 coating. 
 
 
 
Figure 19. Applying epoxy-cementitious bonding agent 
 
8) Once coating is fully applied, install formwork on repair ensuring that the shape of the 
original girder is adhered to including angular surfaces and chamfers. The form will have “bird 
mouth” ports at the top to pour all concrete into the repair. The formwork will have insulation 
installed around the repair to prevent the repair from freezing.  
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Figure 20. Formwork installed 
 
9) Measure, mix, and pour concrete material (LA40 Repair Mortar) into formwork through the 
bird’s mouth. All concrete materials will be stored in a warm environment to aid in the mixing 
process. Upon completing the pouring process, cap and insulate the formwork to allow for proper 
curing environment. 
 
 
 
Figure 21. Formwork removed 
 
10) After twelve hours, remove formwork and grind off any over pour or uneven surfaces to help 
blend the concrete repair into the existing girder. Detail grind to all surfaces to remove any form 
lines and imperfections.  
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4.4.2. Epoxy Injection Installation 
 
1) Map the entire length of crack on both sides of the Tx46 girder. Once crack is identified, grind 
the edges of the crack for 3” (7,62 cm) on each side and drill holes to received injection ports 
every 1’(30 cm) O.C. 
2) Once all portholes are drilled and crack surface prepped, clean the area off of dust using a leaf 
blower. Install injection ports and epoxy sealing material (SIKADUR 31). Let system sit for 
twelve hours in order to fully cure. 
3) Once system has fully cured and epoxy doweling is complete, inject the entire length of the 
crack starting at the low point of the crack moving upwards. As each port releases epoxy 
injection material (SIKADUR52), cap ports. Once crack is injected, let sit for twelve hours and 
then grind the excess material and ports off flush with the existing structural concrete. 
4.4.3. Epoxy Doweling Procedure/Installation 
 
1) Map the entire length of crack on both sides of the Tx46 girder. Once crack is identified, 
layout holes over the entire length of the crack. The holes should be about 3” (7,62 cm) below 
the bottom of the crack. Verify that the holes for the dowels do not interfere with the ports for the 
epoxy injection. 
2) Drill the holes using a rotary hammer with a mark to denote the required depth of the crack. 
The holes should be 7/8” (2,22 cm) DIA to accommodate #5 (5/8” (1,58) DIA) rebar. Once all 
holes are drilled, use a bottle brush to prepare the insides of the holes and blow out loose debris 
using a leaf blower. 
3) After all holes are prepped and rebar is cut into 6” (15,24 cm) lengths, place epoxy (HIT-RE 
500) into the hole (about half full). Once the epoxy is placed, insert the rebar and fill the hole 
with enough epoxy to ensure that the hole is filled. Clean off any excess epoxy. Continue this 
process until all holes are filled. 
4) Once epoxy has hardened, grind so that the epoxy in the hole is flush with the existing 
concrete substrate.  
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4.4.4. Steel Bracing Installation 
 
1) Two steel bracing will be used; so two locations will be layout.  
2) After layout of steel bracing locations, install the first location starting with the top holding 
bracket. After confirming locations, install one piece of the bracing and then fit the bottom 
bracket according the required geometry.  
3) Once all pieces are in position, final adjustments and installation will occur. This process will 
include bolting plates into the existing concrete and tightening bolts on the respective 
connections.  
4.5. REPAIR MONITORING TESTS 
 
4.5.1. Introduction 
 
In this chapter will be explained the last step in the repair strategy of the real case of study. A 
monitoring test was performed in order to assess the repair. The aim of this test is to evaluate the 
elastic response of the girder before and after repair, through the analysis of the change of strain 
in the girder. 
The damaged prestressed-girder (only one-girder) was monitored before and after the repair. The 
monitoring consists of two-phases. In the first phase, 10 gauges were instruments in the damaged 
beam and the second undamaged beam. In second phase, two-gauges were added in the repair 
area. The change of strain was monitored after the damaged girder was repaired. UTA (Dr. 
Abolmaali’s team) did the test with Vishay DAQ system. 
4.5.2. Strain Monitoring 
 
1st Phase: Before Repair (on December 20-2013) 
 
A total of 10 strain gauges were attached on flange and web of prestressing concrete girder, as 
shown in Fig. 22, in order to monitor strain before and after repairing. Six strain gauges (SGs 01 
to 06) were used at damaged girder and four gauges (SGs 07 to 10) were installed at undamaged 
girder close by damaged one. After repairing the damaged concrete girder, two additional strain 
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gauges on the concrete repair area will be attached. The concrete loss (of shade area) occurred on 
the back at elevation of Fig. 22(a). 
 
 
 
Figure 22 Location of strain gauges 
 
After installation of strain gauges, a truck with a load of 90.000 lbs (40.900 kg) was laid on the 
bridge, as shown in Fig. 23. A truck was located on the damaged girder for 635 seconds, and 
then, it was moved on the undamaged girder close by damaged one. 
 
 
 
Figure 23. Truck as live load 
 
Fig. 24 shows the strain change of all gauge location simultaneously. Data were recorded per 
every second but the following graphs were plotted for data extracted, just for convenience. Most 
of strain had kept the initial state without big change until just prior to truck movement (from 
beginning to 650 seconds). After truck movement, all strains at damaged girder were reduced 
Analysis of a damaged and repaired pre-stressed concrete bridge girder by vehicle impact and effectiveness of repair procedure 
 
 
 41 
and strains at undamaged girder were increased slightly. However, all strains were very small 
values less than 70 µε, much smaller than steel deformation at yielding. In order to obtain a 
prestressing effect on girder a load of truck should be increased. 
 
 
 
Figure 24. Strain changes by truck location 
 
2nd Phase: After Repair (on Jan-24-2014) 
 
Two strain gauges (SGs 11 and 12) were attached on top and bottom of flange repaired, as shown 
in Fig. 25, in order to monitor strain after repairing. Figs. 26 and 27 show the strain change of all 
gauge location simultaneously while truck is on the girder. Truck stopped on the end of girder 
for about 100 seconds and moved to the mid-span, in damaged repair. And then, it was moved on 
the undamaged girder. Truck was on end of girder about 250 seconds and on mid-span for about 
150 seconds, in undamaged girder. Data were recorded per every second but the following 
graphs were plotted for data extracted, just convenience. 
Most of strain had kept the initial state without big change until just prior to truck movement 
(from beginning to 450 seconds). After truck movement, all strains at damaged girder reduced 
and strains at undamaged girder were increased slightly. However, all strains were very small 
values less than 40 µε.  
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Figure 25. Location of strain gauges 
 
 
 
 
Figure 26. Strain changes in damaged girder by truck location 
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Figure 27. Strain changes in undamaged girder by truck location 
 
Figure 28 shows the order for the truck application as the lived load on the girders. 
 
 
 
Figure 28. Truck location on girder 
 
In Table 1, strains measured from SG05 (at original area) and SG11 (at repaired area) were not 
significantly different. Similarly, strains of SG06 and SG12 were a little different. It can be 
concluded that the repair method with the application of the lived load using the truck is 
appropriate at the given live load level (90.000 lbs).  
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Table 1. Sumary of strain according to truck loaction 
 
After the monitoring test is done and the data results explained, it can be said that strain in the 
damage girder after repair (40 µε) is smaller than its value before repair (70 µε). So, repair 
decrease (approximately 40 %) the stress and strain on the damaged girder and approx the values 
to the undamaged girder ones.   
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4.6. ANALYSIS USING SAP2000 SOFTWARE 
 
Once we have analyzed the repair procedure for a real case using a load test, a simulation of the 
case-study is being carried out in order to identify the effects of the damage in the bridge deck 
structural response and the efficiency of the repair.  To achieve that goal a numerical model is 
constructed using SAP 2000 structural analysis software using the grid method for bridge deck 
analysis. 
We performed a grid that reproduces the situation of the bridge beams and slabs under study. 
 
 
 
Figure 29. SAP2000 Grid method  
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The grid contains nine elements that reproduce the longitudinal beams of the bridge. Each of 
these longitudinal beams are divided in ten beam elements. In turn, we have introduced slab 
cross members to provide continuity to the board and can be distributed to the efforts. The 
barriers have been also introduced. 
Once the grid is defined different types of sections are defined. A different beam for the 
damaged section in the impact zone is created to simulate the real beam. In addition, the slabs 
and barrier sections are created. The barrier is created because it is close to the damaged girder 
and it may affect the stress distribution in the girder. 
 
 
 
Figure 30. Longitudinal elements 
 
We can see in the figure above the different nine girders. The element with no color represents 
the damaged area. So, before repair this element will have a different section. However, after 
repair this element will have the same section of the others. Furthermore of the nine girders, 
there are two more longitudinal elements. The longitudinal element that is close to the damaged 
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girder is the barrier. As it is said before, this barrier (see Fig. 31 and Fig 32) may affect the stress 
distribution in the girder, so it will change its properties during the different analysis. The other 
longitudinal element is created to avoid discontinuity on that side of the span. 
 
 
 
Figure 31. Barrier type C221 
 
 
 
Figure 32 . Barrier detail 
 
The barrier of this bridge is a C221 barrier; it is a standard traffic rail of Texas Departement of 
Transportation (TxDOT). The detail of barrier cross-section can be seen in the next picture (Fig 
32).  
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Figure 33. Transversal elements 
 
In the figure above (Fig 33), we can see the transversal elements that represent the slabs. These 
transversal elements create the necessary continuity in the grid.  
Once the properties of the bridge elements are defined in the program, the four loading cases 
given in the load test were introduced 
As seen in the Fig. 28, four load situations depending on truck location are: 
• Truck 1: The truck is at the end of the damaged girder. 
• Truck 2: The truck is at midspan of the damaged girder. 
• Truck 3: The truck is at the end of the undamaged girder. 
• Truck 4: The truck is at midspan of the undamaged girder.  
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Figure 34. Load case Truck 2 
 
As mentioned in the previous section, the truck load is 90,000 lbs (409 kN). This load was 
introduced in the program as three point loads in three axles of the truck.  
Once model is defined we can run it to reproduce the load test. The different results obtained are 
presented. These results are compared with the load test results to study the suitability of the 
model in gauges SG1, 5, 7 and 9 (see Fig 25 for location of gauges).  
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Analysis I: Considering the barrier effect 
In the first analysis was considered the possibility that the barrier has strength capacity. 
 
  
Before Repair After Repair 
  
Truck on 
Damaged 
Girder 
Truck on 
Undamaged 
Girder 
Truck on Damaged 
Girder 
Truck on Undamaged 
Girder 
  
  
  
Truck 2 Truck 4 Truck 1 Truck 2 Truck 3 Truck 4 
SG1 
SAP -4,61E-05 -1,75E-05 -3,03E-05 -4,67E-05 -1,09E-05 -1,77E-05 
Test -5,20E-05 -1,20E-05 -3,00E-05 -3,70E-05 -1,20E-05 -1,90E-05 
SAP/Test 0,89 1,46 1,01 1,26 0,91 0,93 
SG5 
SAP -6,13E-05 -2,31E-05 -3,21E-05 -3,41E-05 -8,91E-06 -1,29E-05 
Test -6,6E-05 -1,20E-05 -3,00E-05 -3,00E-05 -1,20E-05 -1,50E-05 
SAP/Test 0,93 1,92 1,07 1,14 0,74 0,86 
SG7 
SAP -1,67E-05 -3,32E-05 -1,01E-05 -1,64E-05 -2,22E-05 -3,30E-05 
Test -3,10E-05 -3,80E-05 -2,50E-05 -2,60E-05 -2,40E-05 -3,00E-05 
SAP/Test 0,54 0,87 0,41 0,63 0,93 1,10 
SG9 
SAP -1,21E-05 -2,44E-05 -8,19E-06 -1,18E-05 -2,58E-05 -2,43E-05 
Test -2,90E-05 -4,50E-05 -1,60E-05 -2,60E-05 -2,60E-05 -3,20E-05 
SAP/Test 0,42 0,54 0,51 0,45 0,99 0,76 
 
Table 2. Summary of results of Analysis I 
 
As seen in Table 2 most of strain values are similar to those of the load test. Before repair, a 
possible explanation of the differences in the results is that a part of the load is transferred to the 
next beam. After repair this same differences occur when truck is on damaged girder, but the 
results are corrected when the truck is on the undamaged girder. 
After analyzing these data results, an explanation that can be found with the variation due to 
transfer load could be the effect of the strangth capacity of the barrier. This effect may explain 
the divergent results when the truck is on the damaged girder and when the truck is on the 
undamaged girder results converge again.  
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Analysis II: Without considering the barrier effect 
Now we will analyze the results if we neglect the resistance capacity of the barrier. 
 
  
Before Repair After Repair 
  
Truck on 
Damaged 
Girder 
Truck on 
Undamaged 
Girder 
Truck on Damaged 
Girder 
Truck on Undamaged 
Girder 
  
  
  
Truck 2 Truck 4 Truck 1 Truck 2 Truck 3 Truck 4 
SG1 
SAP -6,07E-05 -2,02E-05 -3,97E-05 -6,10E-05 -1,24E-05 -2,04E-05 
Test -5,20E-05 -1,20E-05 -3,00E-05 -3,70E-05 -1,20E-05 -1,90E-05 
SAP/Test 1,17 1,69 1,32 1,65 1,03 1,08 
SG5 
SAP -8,20E-05 -2,67E-05 -4,12E-05 -4,48E-05 -9,68E-06 -1,46E-05 
Test -6,6E-05 -1,2E-0,5 -3,00E-05 -3,00E-05 -1,20E-05 -1,50E-05 
SAP/Test 1,24 2,22 1,37 1,49 0,81 0,97 
SG7 
SAP -1,92E-05 -3,38E-05 -1,14E-05 -1,88E-05 -2,26E-05 -3,30E-05 
Test -3,10E-05 -3,80E-05 -2,50E-05 -2,60E-05 -2,40E-05 -3,00E-05 
SAP/Test 0,62 0,89 0,46 0,72 0,94 1,12 
SG9 
SAP -1,38E-05 -2,49E-05 -8,74E-06 -1,34E-05 -2,61E-05 -2,48E-05 
Test -2,90E-05 -4,50E-05 -1,60E-05 -2,60E-05 -2,60E-05 -3,20E-05 
SAP/Test 0,48 0,55 0,56 0,51 1,00 0,77 
 
Table 3. Summary of results of Analysis II 
 
It can be seen that the largest changes occur in increasing strains at SG1 and 5. This result was 
expected since now the damaged beam takes all the effort, it may not be distributed to the 
barrier. Instead, as regards to SG7 and 9, the results do not change much.  
We have checked the effect of the barrier in the results, but a change in the gird in order to study 
the local effect on the damaged area is necessary.  
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Analysis III: Dividing the grid on the damaged zone 
 
This analysis aims to study the damaged area more accurately subdividing the elements of this 
area. In the computer model, the damaged girder element and the same element of the 
undamaged beam were divided into three subdivisions. Beams that are next to these, are divided 
into two parts. Fig. 35 shows these subdivisions. 
 
 
Figure 35. Grid with refined mesh in the monitored zone 
 
  
Before Repair After Repair 
  
Truck on 
Damaged 
Girder 
Truck on 
Undamaged 
Girder 
Truck on Damaged 
Girder 
Truck on Undamaged 
Girder 
  
  
  
Truck 2 Truck 4 Truck 1 Truck 2 Truck 3 Truck 4 
SG1 
SAP -6,079E-05 -2,02E-05 -3,976E-05 -6,115E-05 -1,236E-05 -2,036E-05 
Test -5,20E-05 -1,20E-05 -3,00E-05 -3,70E-05 -1,20E-05 -1,90E-05 
SAP/Test 1,17 1,68 1,33 1,65 1,03 1,07 
SG5 
SAP -7,79E-05 -2,59E-05 -3,96E-05 -4,26E-05 -9,49E-06 -1,42E-05 
Test -6,6E-05 -1,2E-0,5 -3,00E-05 -3,00E-05 -1,20E-05 -1,50E-05 
SAP/Test 1,18 2,16 1,32 1,42 0,79 0,97 
SG7 
SAP -1,91E-05 -3,40E-05 -1,14E-05 -1,88E-05 -2,26E-05 -3,38E-05 
Test -3,10E-05 -3,80E-05 -2,50E-05 -2,60E-05 -2,40E-05 -3,00E-05 
SAP/Test 0,62 0,89 0,46 0,72 0,94 1,13 
SG9 
SAP -1,35E-05 -2,34E-05 -8,71E-06 -1,31E-05 -2,491E-05 -2,322E-05 
Test -2,90E-05 -4,50E-05 -1,60E-05 -2,60E-05 -2,60E-05 -3,20E-05 
SAP/Test 0,46 0,52 0,54 0,50 0,96 0,73 
 
Table 4. Summary of results of Analysis III  
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These results are similar to those obtained in Analysis II, but now we know that are more 
accurate because it considers the local effects in the damaged area. 
In the following chapters, changes in the inertia value of the sections on the damaged area will be 
introduced. 
Analysis IV: Inertia 0,5 and 0,8 
Now we reduce the value of the moment of inertia. The value is taken for the damaged girder is 
0,5 of moment of inertia. The beams that are next to this take a value of 0,8 because of the 
effects of the cracks in the beam.  After repair moment of inertia increases to 0.9 as it is 
considered that the beam is not perfectly repaired. 
 
  
Before Repair After Repair 
  
Truck on 
Damaged 
Girder 
Truck on 
Undamaged 
Girder 
Truck on Damaged 
Girder 
Truck on Undamaged 
Girder 
  
  
  
Truck 2 Truck 4 Truck 1 Truck 2 Truck 3 Truck 4 
SG1 
SAP -5,78E-05 -1,92E-05 -3,42E-05 -5,50E-05 -1,10E-05 -1,83E-05 
Test -5,20E-05 -1,20E-05 -3,00E-05 -3,70E-05 -1,20E-05 -1,90E-05 
SAP/Test 1,11 1,60 1,14 1,49 1,03 0,96 
SG5 
SAP -7,24E-05 -2,41E-05 -6,21E-05 -6,64E-05 -1,49E-05 -2,22E-05 
Test -6,6E-05 -1,2E-0,5 -3,00E-05 -3,00E-05 -1,20E-05 -1,50E-05 
SAP/Test 1,10 2,01 2,07 1,49 0,81 1,48 
SG7 
SAP -2,18E-05 -3,48E-05 -1,65E-05 -2,44E-05 -2,39E-05 -3,57E-05 
Test -3,10E-05 -3,80E-05 -2,50E-05 -2,60E-05 -2,40E-05 -3,00E-05 
SAP/Test 0,70 0,92 0,66 0,94 1,00 1,19 
SG9 
SAP -1,63E-05 -2,43E-05 -1,44E-05 -1,93E-05 -2,63E-05 -2,53E-05 
Test -2,90E-05 -4,50E-05 -1,60E-05 -2,60E-05 -2,60E-05 -3,20E-05 
SAP/Test 0,56 0,54 0,90 0,74 1,01 0,79 
 
Table 5. Summary of results of Analysis IV 
We can observe that strain values are higher than Analysis III deformations. This result was 
expected due to the reduction of inertia. As it shown, the changes in the values of strain occur 
basically before repair. It is because of the change of inertia considered in the damaged girder. 
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However, after repair values don’t have big changes because its change of inertia considered is 
small. 
Analysis V: Inertia 0,25 and 0,8 
It is the aim of this new analysis to check the trend of results if moment of inertia is further 
reduced. In this analysis the moment of inertia is reduced to the value of 0,25 of the damaged 
girder, the girders next to the damage still 0,8 and 0,9 once girder is repaired (after repair test). 
 
  
Before Repair After Repair 
  
Truck on 
Damaged 
Girder 
Truck on 
Undamaged 
Girder 
Truck on Damaged 
Girder 
Truck on Undamaged 
Girder 
  
  
  
Truck 2 Truck 4 Truck 1 Truck 2 Truck 3 Truck 4 
SG1 
SAP -5,38E-05 -1,79E-05 -3,42E-05 -5,50E-05 -1,101E-05 -1,83E-05 
Test -5,20E-05 -1,20E-05 -3,00E-05 -3,70E-05 -1,20E-05 -1,90E-05 
SAP/Test 1,03 1,49 1,14 1,49 1,03 0,96 
SG5 
SAP -6,45E-05 -2,16E-05 -6,21E-05 -6,64E-05 -1,488E-05 -2,22E-05 
Test -0,000066 -0,000012 -3,00E-05 -3,00E-05 -1,20E-05 -1,50E-05 
SAP/Test 0,98 1,80 2,07 1,49 0,81 1,48 
SG7 
SAP -2,55E-05 -3,60E-05 -1,65E-05 -2,44E-05 -2,39E-05 -3,57E-05 
Test -3,10E-05 -3,80E-05 -2,50E-05 -2,60E-05 -2,40E-05 -3,00E-05 
SAP/Test 0,82 0,95 0,66 0,94 1,00 1,19 
SG9 
SAP -2,03E-05 -2,56E-05 -1,44E-05 -1,93E-05 -2,63E-05 -2,53E-05 
Test -2,90E-05 -4,50E-05 -1,60E-05 -2,60E-05 -2,60E-05 -3,20E-05 
SAP/Test 0,70 0,57 0,90 0,74 1,01 0,79 
 
Table 6. Summary of results of Analysis V 
 
Although there are strain values exceeding the desired value, with the change of inertia is clear 
that in most cases the ratios are approximately 1. This indicates that this situation is closest to 
reality.   
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Figure 36. Variation of Ratio Truck 2 
 
The picture above (Fig. 36) shows how the value of the ratio (strain obtained in SAP200 divided 
by the strain obtained with the load test) tends to 1 when the moment of inertia is reduced; the 
truck is on damaged girder before repair. It is an interesting result because it means that the 
girder damages are relevant on the value of inertia. 
 
 
Figure 37. Variation of Ratio Truck 4  
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In this load case, also before repair, a tendency can be also seen. The convergence of these 
graphs is so poor. When the truck is on the undamaged girder, the changes of inertia of the 
damaged girder doesn’t affect the strain values at all. A possible explanation could be that the 
SAP model doesn’t transfer the loads properly with this load situation. It transfers more stresses 
from undamaged to damaged girder. 
Finally, a final analysis is done to see if considering the effect of the barrier, the value of strain 
decreases at SG1 and SG5. 
Analysis VI: Inertia 0,25 and 0,8 considering the barrier effect 
The value of the moments of inertia on the damaged are the same value as the Analysis V but 
now the effect of the barrier is introduced 
 
  
Before Repair After Repair 
  
Truck on 
Damaged 
Girder 
Truck on 
Undamaged 
Girder 
Truck on Damaged Girder 
Truck on Undamaged 
Girder 
  
  
  
Truck 2 Truck 4 Truck 1 Truck 2 Truck 3 Truck 4 
SG1 
SAP -4,49E-05 -1,60E-05 -2,84E-05 -4,64E-05 -1,00E-05 -1,65E-05 
Test -5,20E-05 -1,20E-05 -3,00E-05 -3,70E-05 -1,20E-05 -1,90E-05 
SAP/Test 0,86 1,34 0,95 1,25 0,83 0,87 
SG5 
SAP -7,24E-05 -1,70E-05 -4,61E-05 -4,87E-05 -1,23E-05 -1,78E-05 
Test -6,6E-05 -1,2E-0,5 -3,00E-05 -3,00E-05 -1,20E-05 -1,50E-05 
SAP/Test 0,71 1,42 1,54 1,62 1,02 1,18 
SG7 
SAP -2,22E-05 -3,51E-05 -1,43E-05 -2,14E-05 -2,34E-05 -3,49E-05 
Test -3,10E-05 -3,80E-05 -2,50E-05 -2,60E-05 -2,40E-05 -3,00E-05 
SAP/Test 0,72 0,92 0,57 0,82 0,97 1,16 
SG9 
SAP -1,76E-05 -2,48E-05 -1,44E-05 -1,70E-05 -2,58E-05 -2,46E-05 
Test -2,90E-05 -4,50E-05 -1,60E-05 -2,60E-05 -2,60E-05 -3,20E-05 
SAP/Test 0,61 0,55 0,80 0,65 1,01 0,77 
 
Table 7. Summary of results of Analysis VI 
As seen looking Analysis I and II, the effect of the barrier is significant in the variation of strain 
on the damaged beam. This is due to being close to it, to have or not to have strength capacity is 
important to resist stresses.  
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5. CONCLUSIONS 
 
5.1. CONCLUSIONS 
 
In this chapter some conclusion will be presented. First of all, this project has enriched my 
knowledge about the subject. All background information has shown that the repair techniques 
improve during time. It is always a goal for engineers to look for better and more efficient 
solution. 
Secondly, doing this project we can realize how important is to perform a deep analysis on the 
damaged girders by vehicle impact. It is also important to have a proper classification of 
damages in order to group the different repair techniques. 
Thirdly, it has been really interesting to propose a procedure for repairing this kind of beams. It 
can be said that this procedure is like a summary of all background information studied in this 
project. Having the opportunity to analyze the procedure proposed in a real case of study has 
been also interesting; it has shown a real implementation and evaluation for this strategy. 
Furthermore, the test data has been, definitely, very helpful to evaluate the repair. The level of 
deformations obtained performing the test before repair indicates that repair was not required 
from the structural point of view. This strain values are smaller than the deformation of steel at 
yielding. The girder of the case-study was repaired, as recommended for moderate damages, to 
avoid further deterioration of prestressed exposed tendons and also because a new impact could 
be critical if the beam is not repaired. 
After repair, it can be seen that the structure could recover 40% of the transversal cross capacity 
compared to the intact structure. This is evidenced by comparing the deformation at gauges SG1 
and SG5 before and after repair. The structure is unable to recover all the stiffness due to internal 
cracking that could not be fully sealed or has not been accessible. Despite this, since strain 
decrease approximately 40% from before to after repair, it can be conclude that repair has been 
effective and the bridge is safe. 
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Others conclusions can be done regarding the analysis performed with SAP2000 program. This 
model has limitations because it was made with a simplified grid model. That grid method can be 
considered more rigid than the real bridge. It can be said that the model captures the global 
response, but the distribution between beams have their differences. Therefore, it has been 
observed that to better reproduce the deformation is necessary to subdivide the damaged area. 
The first model created didn’t represent the local effects. This problem was solved, in Analysis 
III, subdividing the damaged area in more elements. 
Another conclusion after model analysis is that the effect of the barrier over the deck needs to be 
studied due to the proximity of the barrier to the damaged girder. It has been found that data 
results produced by the model are more accurate when you consider the barrier strength capacity. 
An important conclusion that can be drawn from the analysis is the reduction of inertia in the 
damaged area that was introduced in order to obtain better experimental results. From the study 
of sensitivity and calibration with the experimental results, it has been determined that damage in 
the impacted beam is equivalent to a reduction in stiffness of 0,75%. Therefore, we can say that 
the damage is greater than the apparent due to detachment of the heel of the beam, caused by a 
distribution of internal cracking that affects approximately 9 m around the damaged area. 
Finally, the methodology followed allows evaluating the damage extension and the effectiveness 
of the repair to structures that have been impacted, by combination of non-destructive testing 
with numerical simulation that serve to identify the distribution of rigidities in the structure. 
 
5.2. RECOMMENDATIONS  
 
After conclusions are explained, some recommendations will be exposed. 
All repair methods studied in this thesis are based on studies performed in the United States of 
America. It could be interesting to perform the same background study in Europe, focused in 
Spain, in order to know, understand and compare the differences in repair procedures for 
prestressed concrete girder. 
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Some recommendations can also be given regarding analysis performed with numerical model 
programs. First of all, would be advisable to apply the evaluation methodology followed in this 
project to other types of structural damages. 
Furthermore, it could be also advisable for future studies to compare these results with other 
models. Maybe a model of plates or a numerical methods model could be helpful to find 
weakness in this SAP2000 model. 
Moreover, it is interesting to try to combine structural reliability techniques, considering the 
parameter randomness as material properties or geometry of the elements, for associating the 
estimated distribution of damage to a level of reliability. 
Finally, it is possible to combine the methodology used with dynamic type tests to determine 
whether it is possible to obtain the incidence of damage from changes in the vibration properties. 
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